Poly(A) polymerase (PAP) play an essential role for maturation of mRNA by adding the adenylate residues at the 3' end. PAP functions are regulated through protein-protein interaction at its C-terminal region. In this study, cyclophilin A (CypA), a member of the peptidyl-prolyl cis-trans isomerase family, was identified as a partner protein interacting with the C-terminal region PAP. The interaction between PAP and CypA was inhibited by the immunosuppressive drug cyclosporine A. Deletion analysis revealed that the N-terminal 56 residues of CypA are sufficient for the interaction with PAP. Interestingly, we observed that PAP and CypA colocalize in the nucleus during SDF-1-induced chemotaxis, implying that CypA could be involved in the regulation of polyadenylation by PAP in the chemotactic cells.
Introduction
The poly(A) tail of eukaryotic mRNA is synthesized by the polyadenylation machinery. The polyadenylation machinery comprises multiple trans-acting factors, including cleavage and polyadenylation specificity factor (CPSF), cleavagestimulation factor (CstF), two cleavage factors (CFI and CFII), poly(A) polymerase (PAP) and poly(A)-binding protein II (PAB II). [1] [2] [3] [4] [5] The poly(A) tail is known to enhance the translation efficiency and the mRNA stability, 6,7 so polyadenylation can play important regulatory roles in diverse cellular processes. [8] [9] [10] PAP is a key enzyme for the poly(A) tail synthesis. The Nterminal region of PAP has the catalytic domain, 11, 12 whereas the C-terminal region carries an RNA binding domain, two nuclear localization signals and a serine/threonine-rich regulatory domain. 13 The activity and cellular localization of PAP could be regulated through interaction with various regulatory proteins in its C-terminal region. The U1A protein, the component of U1 snRNP, is known to repress the PAP activity by interaction with C-terminal region of PAP. 8 14-3-3, one of the members of the 14-3-3 protein family, binds to the C-terminal region of PAP. 14-3-3 inhibits the polyadenylation activity of PAP and redistributes PAP within the cell by increasing its cytoplasmic localization. 14 The C-terminal region of PAP also interacts with splicing factor U2AF65 and cleavage factor I 25 kDa subunit which is component of polyadenylation complex. 15, 16 These evidences suggest that the C-terminal region of PAP could serve as a platform for binding partner proteins and the activity of PAP could be regulated in various cellular processes. However, there might be other regulatory proteins binding to the C-terminal region that would be involved in the regulation of PAP function.
In this study, we performed a yeast two hybrid screening by using the C-terminal region of PAP as a bait to search for another interaction partner of PAP. We identified cyclophilin A (CypA) as a binding partner for PAP. CypA is involved in pathogenesis of several diseases, including viral infection, cardiovascular disease, and cancer. 17 CypA may act as a chaperone-like protein 18 and play a role in protein-folding processes 19 because it has a peptidyl-prolyl cis-trans isomerase activity. 20 CypA is diffusely distributed in the cytoplasm of culture cells. 21 However, CypA can be transported to the nucleus by transportin 1 through its binding to CXCR4, the chemokine receptor of SDF-1, during the stromal cellderived factor 1 (SDF-1)-induced chemotaxis. 22 In addition, CypA binds with high affinity to the immunosuppressive drug cyclosporine A 23, 24 and the CypA-cyclosporine A complex inhibits calcineurin, a serine-threonine phosphatase required for cytokine induction in response to stimulation of T cells. 25, 26 Here, we show that CypA interacts with the Cterminal region of PAP and that the N-terminal 56 residues of CypA are responsible for this interaction. We also observed the PAP and CypA colocalize in the nucleus during SDF-1 induced chemotaxis.
Experimental Section
Yeast Two-hybrid Screen. We used the Matchmaker LexA two-hybrid system (Clontech), with the C-terminal 268 residues of mouse PAP as bait in a pEQ202 LexA fusionplasmid vector. 14 A human HeLa cDNA library was prepared with the B42 transactivating domain fusion-plasmid vector and screened from 2 × 10 6 primary transformants of yeast strain EGY48. Yeast cells were grown in SD media lacking histidine, tryptophan, and uracil. Clones expressing -galactosidase activity were screened on the plates by using 5-bromo-4-chloro-3-indolyl--D-galactopyranoside (X-gal) as a substrate. One of the selected clones was identified as a cDNA coding for cyclophilin A. The coding sequence of mouse cyclophilin A cDNA (GenBank accession No. Y00052) was obtained by PCR-amplification from a mouse kidney cDNA library.
Preparation of Recombinant cDNA Constructs. Escherichia coli expression plasmid pGST-CypA was constructed by cloning the coding sequence of mouse CypA into the pGEX4T-1 vector (Amersham Pharmacia Biotech). For expression of GST-CypA and its derivatives in mammalian cells, fulllength or defined regions of CypA were cloned into pEBG. 16 A plasmid expressing FLAG-PAP-CTD was constructed by cloning the DNA sequence for the C-terminal 269 residues of PAP into p3XFLAG-CMV-7.1 (Sigma). A plasmid expressing GFP-PAP was generated by cloning the PAP coding region into pEGFP-C1 (Clontech).
Purification of GST-CypA and its Derivatives. The E. coli JM109 strain and the GST purification system (Amersham-Pharmacia Biotech) were used for expression and purification of GST-fusion proteins.
Preparation of [ 35 S]-labeled PAP. [ 35 S]-methionine-labeled full-length PAP was obtained by a T N T Quick Coupled Transcription/Translation kit (Promega) according to the manufacturer's instruction.
Antibodies. Antibodies specific for GST (Santa Cruz), FLAG (Sigma), PAP (Bethyl Lab), and CypA (Abcam) were purchased. The Cy3-conjugated secondary antibody was from Jackson Immunoresearch.
In Vitro Binding Assay. A GST pull-down experiment was performed for an in vitro binding assay. Purified GST or GST-fusion proteins were bound to glutathione beads (Amersham Pharmacia Biotech). The [ 35 S]-labeled translation mixture and glutathione beads were incubated in a 500 L binding buffer (20 mM Tris-HCl, pH 7.4, 50 mM NaCl, 2 mM MgCl 2 , 1 mM DTT, and 0.1% Nonidet-P 40) on ice for 2 h. The beads were recovered by centrifugation and were washed four times with the same fresh buffer. Then the beads were boiled in a SDS sample buffer, and analyzed by SDS-PAGE and autoradiography. To examine the effects of cyclosporine A or salt concentrations, cyclosporine A or the salt at different concentrations was included in the binding buffer.
In Vivo Binding Assay. HeLa and NIH3T3 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum or 10% bovine serum. Cells (~1 × 10 8 ) were transfected with DNA constructs (1 g) using Lipofectamine reagent (Invitrogen). Coimmunoprecipitations were performed as described previously. 16 Similar, coimmunoprecipitation assays using lysates from untransfected HeLa cells were also performed with anti-PAP and anti-CypA antibodies.
Confocal Laser Scanning Microscopy. HeLa cells were cotransfected with cDNA (3 g) expressing GFP-PAP and FLAG-CypA. The transfected cells were treated with SDF-1 (Sigma) at a final concentration of 12.5 nM and taken out for analysis at different time intervals (0, 30, 60, 120, 200 min).
The cells were fixed with 3.7% formaldehyde and treated with anti-FLAG antibody, followed by Cy3-conjugated secondary antibody, as described previously. 14 The GFP-PAP was directly visualized, while nuclei were stained with DAPI. Imaging was conducted on a Zeiss LSM510 meta confocal microscope.
Results
Identification of CypA as a New Interacting Partner of PAP. We searched for PAP-interaction proteins through a LexA-based yeast two-hybrid screen using the C-terminal 268 residues of mouse PAP as a bait from a human HeLa cDNA library (Fig. 1) . Approximately two-million colonies were screened to find clones coding for proteins that would interact with the C-terminal region of PAP. One of the interacting clones showed was the cDNA encoding human CypA.
Interaction of PAP and CypA In Vitro. The coding sequence of mouse CypA cDNA was obtained by PCRamplication from a mouse kidney cDNA library and this mouse CypA sequence was used throughout the study. To determine whether interactions between mouse PAP and CypA occur in vitro, we performed in vitro protein-protein interaction assays. GST-CypA fusion protein purified from E. coli and [ 35 S] methionine-labeled PAP translated in vitro were used for coimmunoprecipitation. The interaction between PAP and CypA was observed (Fig. 2, lanes 3-5) . A significant fraction of the input PAP was bound to GST-CypA, but not to the GST control protein (Fig. 2, lane 7) . This interaction was stable at the concentrations of 50 to 150 mM NaCl, but disrupted at a high concentration of 1000 mM NaCl. In addition, when cyclosporine A at the final concentration of 10 M was added in the binding buffer, the interaction between PAP and CypA was almost disrupted (Fig. 2, lane 2) .
Interaction of PAP and CypA In Vivo. We performed a coimmunoprecipitation experiment using HeLa cells cotransfected with GST-CypA and FLAG-PAP-CTD constructs. Total lysates from the transfected cells were immunoprecipitated with an anti-FLAG antibody, and the coimmunoprecipitated materials were immunoblotted with an anti- GST antibody. We found that CypA was present in PAP-CTD immunoprecipitates ( Fig. 3(a) ), confirming that that the C-terminal domain of PAP interacts with CypA in mammalian cells.
Next, we performed coimmunoprecipitation assays to determine whether endogenous PAP and CypA interact in cells. Lysates of HeLa cells were immunoprecipitated with anti-PAP antibody, and blotted with an anti-CypA antibody. The immune blot indicated that the two proteins interact in the cells (Fig. 3(b) ).
Regions of CypA Required for Binding to PAP. To delineate regions of CypA required for interaction with PAP, we generated several deletion plasmid constructs that could express truncated derivatives of CypA ( Fig. 4(a) ). Mutant proteins were tested for their ability to bind PAP by coimmunoprecipitation analyses. Strong interactions were observed with various fragments over the 111-165 fragment (the C-terminal 56 residues) ( Fig. 4(b) ), suggesting that the Cterminal 56 residues of CypA are sufficient for the interaction with PAP.
Colocalization of PAP and CypA. To examine whether PAP and CypA are colocalized in cells, we performed confocal fluorescence microscopic analyses (Fig. 5 ). In normal cells, CypA was distributed in the cytoplasm diffusely and it was difficult to find the colocalization of PAP and CypA 2 and 4) . The GST construct was used as a negative control (lanes 1 and 3) . The immunoprecipitates were subjected to immunoblotting using anti-GST antibody (lanes 3 and  4) . For the ensuring the expression of GST-CypA or GST, 1% of total lysates were used (lanes 1 and 2). (b) Interactions between endogenous PAP and CypA. Coimmunoprecipitation was performed using HeLa cell lysates. T, total lysate (1% input); C, control antibody; IP, immunoprecipitates with anti-PAP. The immunoprecipitates were subjected to immunoblotting using anti-CypA antibody. ( Fig. 5, 0 min) . This is probably because PAP and CypA mainly exist in the nucleus and the cytoplasm, respectively. Therefore, we supposed that the colocalization of PAP and CypA would be observed when the two proteins are present in the same organelle. It was known that CypA is imported into the nucleus during SDF-1-induced chemotaxis, 22 so we determined the colocalization of the two proteins in the SDF-1 treated cell. When HeLa cells were treated with SDF-1 at 10 M, we observed that Cyp was imported to the nucleus, but appeared to be exported from the nucleus starting 30 min after the SDF-1 treatment (Fig. 5 ). PAP and the imported CypA were colocalized in the nucleus, suggesting that the binding of CypA to PAP may play more important roles probably in polyadenylation in chemotactic cells.
Discussion
In the polyadenylation machinery, PAP is a key enzyme responsible for the synthesis of the poly(A) tail. Therefore, the control of PAP activity could be important to regulate the level of gene expression. It is known that the C-terminal region of the PAP functions as a platform for protein-protein interactions. 8, 15 In this study, we performed a LexA-based yeast two-hybrid screening to identify PAP-interaction partners and identified the CypA as a partner protein. We show that CypA binds strongly to the C-terminal region of PAP and the C-terminal 56 residues of CypA is required for this interaction. CypA has the peptidyl-prolyl cis-trans isomerase activity 20 and is involved in various diseases, such as viral infection, cardiovascular diseases and cancers. 17 We found that cyclosporine A inhibits the PAP-CypA interaction, possibly due to the overlapping of the binding regions because the C-terminal 56 residues of CypA is essential for binding of cyclosporine A to CypA. 27 We also observed that CypA was colocalized with PAP in the nucleus during SDF-1-induced chemotaxis.
Although the effect of the interaction between PAP and CypA on polyadenylation of mRNA is unrevealed, it might be involved in the regulation of the polyadenylation machinery. There is the growing possibility that CypA could affect the activity of the polyadenylation machinery. For example, another peptidyl-prolyl cis-trans isomerase Pin1 interacts with cytoplasmic polyadenylation element binding protein (CPEB), leading to the degradation of CPEB by the Pin-induced conformational change. 28 In this respect, our data imply that the interaction between PAP and CypA could play important roles in regulation of polyadenylation, especially in the chemotactic cells. However, the real function of this interaction remains to be demonstrated.
